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Accretionary prismA 600 km longmetabasite belt is exposed at the southern border of the Chugach terrane in southern Alaska,
south of the Eocene ChugachMetamorphic Complex (CMC). In this contribution, we present petrologic and
geochemical results for parts of this metabasite belt. The metabasites studied are amphibolite grade and
their PT conditions are evaluated with hornblende–plagioclase thermometry and the average PT method.
From west to east the peak metamorphic conditions calculated are: about 730–793 °C for pressures
between 5 and 15 kbar in the westernmost part, about 740–760 °C and 5 kbar in the middle locality and
about 640–675 °C and 8 kbar in the easternmost locality. These results are comparable with the
metamorphic conditions obtained on metapelite of the CMC for the westernmost and easternmost
localities. In contrast, in the central part of the CMC, the metabasites experienced probably lower pressures
than the metapelites to the north. Rare earth and trace element patterns of the metabasite belt are
comparable with typical altered basalt patterns and reveal MORB and arc-tholeiitic geochemical
characteristics. The presence of Ba and U anomalies are interpreted as a result of alteration prior to
subduction, the Pb anomaly as a result of an intra-oceanic island arc signature and the Sr anomaly as a
result of the interaction of sediments with the metabasites during subduction. We suggest that the
association of MORB and arc tholeiitic rocks in the metabasite belt is likely derived from an intra-oceanic
island arc which accreted to the Alaskan margin.nmental Sciences, Portsmouth
h PO1 3QL, United Kingdom.
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Since the Phanerozoic, the thermal regime of subduction zones is
generally dominated by HP–LT metamorphism (e.g. Maruyama et al.,
1996). As a consequence, blueschists and eclogites are the most
common rocks found in exhumed subduction zones and accretionary
prisms within Phanerozoic mountain belts. However some excep-
tional areas, exempt of blueschists and eclogite facies rocks, with
high-temperature metamorphism exposed within ancient subduction
zones and accretionary prisms do exist; one example is the Eocene
high temperature Chugach Metamorphic Complex (CMC) of southern
Alaska which developed within a vast Late Cretaceous to Paleocene
accretionary prism (Fig. 1; Hudson and Plafker, 1982; Plafker et al.,
1994). Although the presence of this HT complex has been mainly
explained with different models considering a “heating from below”process (heating by a subducting ridge; Pavlis and Sisson, 1995;
Sisson et al., 1989; Sisson and Pavlis, 1993; and/or a subducting
transform fault; Sisson et al., 2003), recent petrological and structural
data from this region raise some problems with these models
(Bruand, 2011; Gasser, 2010; Gasser et al., 2011).
A 600 km long metabasite belt, which occurs mainly south of the
CMC (Bruand, 2011; Hudson and Plafker, 1982; Sisson et al., 1989), is
a potential clue for understanding the geodynamic evolution of this
part of Alaska during the Eocene. The belt is exposed between Valdez
in the west and Cross-Sound in the east within the large-scale
accretionary prism of the Chugach terrane (Fig. 1; Lull and Plafker,
1990; Plafker et al., 1994). No detailed petrological description of the
metabasite belt is available, although there are important questions
related to its tectonic position and geodynamic relevance that need to
be answered. The geodynamic evolution of southern Alaska has been
interpreted in terms of two main contrasting models: (i) the
subduction of an intra-oceanic island arc (Lull and Plafker, 1990) or
(ii) the subduction of a ridge (e.g. Bradley et al., 2003 and references
therein). The metamorphic evolution and geochemical composition
of the metabasites may bear important information to discern be-
tween these two models. So far, the geochemistry of this metabasite
Fig. 1. Geological sketch map of the southern Alaskan margin. Metabasites (indicated in black) occur: (1) as an elongated belt of metabasalts from Valdez to Cross Sound within the
Chugach terrane and (2) as isolated ophiolitic bodies on Resurrection Peninsula and Knight Island within the PrinceWilliam terrane. The ﬁrst belt is studied in this contribution. GPS
coordinates of samples studied are from west to east: L1A (60°41′44.88″N/142°54′11.16″W), L1B (60°42′20.52″N/142°54′7.20″W), L2A (60°30′15.84″N/141°22′19.56″W), L2B
(60°30′28.44″N/ 142°54′7.20″W), L3A (59°48′54.36″N/ 138°52′57.72″W), L3B (59°47′29.04″N/ 138°49′14.52″W), L3C (59°47′28.32″N/138°49′34.68″W) and L3D (59°47′29.04″
N/138°49′14.52″W). Stars are samples from Lull and Plafker (1990). Abbreviations: Border Range Fault (BRF), Contact Fault (CF), Fairweather Fault (FF), Chugach St. Elias Fault
(CSEF), Prince William Sound (PWS) and Transition Fault System (TFS).
283E. Bruand et al. / Lithos 127 (2011) 282–297belt has only been brieﬂy described in several localities (Fig. 1,
localities 1–9, Lull and Plafker, 1990) but hundreds of kilometres
of this belt remained unsampled. This lack of sampling was due to
the remoteness of the area and the difﬁculty to access this high
glaciated area. A poor exposure of the outcrop did not permit the
study of the entire belt leading to the absence of a petrological
interpretation.
In this contribution we present the ﬁrst detailed petrological study
of amphibolite samples of remote localities from this metabasite belt
(Fig. 1) and use trace and rare earth element compositions to
understand the history of this belt from its formation to its present
position within the accretionary prism. In view of our petrological and
geochemical data, we discuss the two main geodynamic models
(intra-oceanic island arc or ridge subduction) which have been
proposed for the origin of this metabasite belt (Kusky et al., 2004; Lull
and Plafker, 1990; Lytwyn et al., 1997).2. Geological setting
The southern Alaskan margin consists of: (1) a crystalline
composite terrane to the north including the Wrangellia, Peninsular,
and Alexander terranes. This composite terrane is separated by the
Border Range Fault (BRF) from (2) a Mesozoic–Cenozoic accretionary
prism including the Chugach and Prince William terranes. This latter
mainly consists of a thin mélange assemblage along the BRF and a
thick ﬂysch sequence of conglomerates, impure sandstones, marls and
claystones farther outboard (mainly the Valdez formation, Orca group
and Ghost Rock formation, Plafker et al., 1994). The accretionary
prism is juxtaposed along the St. Elias (CSEF) and Fairweather (FF)faults against (3) the Yakutat terrane to the south (Fig. 1; Plafker et al.,
1994).
Several belts of metabasic rocks are intercalated with the
metasedimentary rocks of the accretionary prism (Fig. 1). The
metabasite belt discussed in this contribution is located in the
Chugach terrane. It forms a 600 km long belt and is made up of
mainly metabasalts and minor metadiabases (Lull and Plafker, 1990).
This metabasite belt extends from east of Valdez in Prince William
Sound to at least Cross Sound in south-eastern Alaska (Fig. 1; Crowe
et al., 1992; Lull and Plafker, 1990; Lytwyn et al., 1997; Plafker et al.,
1994). Another metabasite belt composed of several ophiolitic bodies
occurs in the PrinceWilliam terrane, of which the twomost important
ones are exposed on the Resurrection Peninsula (about 21 km long
and 6 km wide) and on Knight Island (35 km long and 5 km wide;
Fig. 1). The two ophiolitic bodies consist of pillow basalts, gabbros,
sheeted dikes and rare ultramaﬁc blocks (Crowe et al., 1992; Kusky
et al., 2004; Lytwyn et al., 1997; Nelson and Nelson, 1993; Tysdal et al.,
1977). The Chugach terrane is metamorphosed at pumpelleyite–
greenschist facies grade in the west and at upper amphibolite facies
grade in the east (within the Chugach Metamorphic Complex, CMC,
Hudson and Plafker, 1982; Sisson et al., 1989). The CMC is a 350 km
long metamorphic complex composed of a northern schist zone
for which PT conditions are about 550–680 °C and about 4–6 kbar
and a southern migmatite zone for which PT conditions are about
650–750 °C and 7–13 kbar (Bruand, 2011). Themetabasites presented
in this contribution occur south of the CMC and are in contact or
intercalated with metapelites of the complex. The rocks are deformed
by three ductile deformation phases: D1 is associated with the
accretion of the sediments and is inferred to have formed at around
60–55 Ma (Gasser et al., 2011; Pavlis and Sisson, 1995; Scharman et
284 E. Bruand et al. / Lithos 127 (2011) 282–297al., 2011). This fabric, only observed in the low-grade rocks and schists
is largely overprinted by a pervasive ﬂat lying S2 fabric of the 2nd
ductile deformation phase. This is in turn overprinted by a steep S3
fabric, which is most prominently developed in the migmatitic part of
the complex and present in the metabasite layer (Gasser et al., 2011;
Pavlis and Sisson, 1995; Scharman et al., 2011). Both S2 and S3Fig. 2. Representative ﬁeld photographs of different amphibolite localities (1, 2 and 3; Fig. 1
gneisses, locality 1 (Fig. 1). b) pyroxenite lens within migmatitic gneiss, locality 1 (Fig. 1). B
and migmatitic gneisses (light-brown, to the north) at locality 2 (Fig. 1). The amphibolites
Width of view ca. 0.5 km. d) Close-up of c), showing the strongly foliated, north-dipping amp
south-west) and migmatitic gneisses (to the north-east) in locality 3 (Fig. 1). Width of v
amphibolites contain thin metabasite layers and/or pods (several cm to metre scale). Big gdeveloped during a short time interval around 54–52 Ma, coeval with
peak metamorphic conditions (Gasser, 2010).
The origin and emplacement of these metabasite belts both in
the Chugach and in the Prince William terranes is a matter of
debate. Based on trace element chemistry, Lull and Plafker (1990)
suggested that the belt in the Chugach terrane is an accreted and) in the Chugach terrane. a) 0.5–1 m thick amphibolite layer within migmatitic layered
ack-pack for scale. c) North-dipping contact between amphibolites (dark, to the south)
are exposed on ca. 50 m width between the Bagley iceﬁeld to the left and the gneisses.
hibolites. Two persons in foreground for scale. e) Contact between amphibolites (to the
iew ca. 1 km. f) At locality 3 (Fig. 1), the metapelites close to the contact with the
arnets (1–5 cm) are present in these layers. Ice axe for scale.
Fig. 3.Microphotographs of samples L1B, L2B and L3B from the three localities studied
in this contribution (Figs. 1 and 2). a) Sample L1B contains mainly amphibole and
plagioclase (N90% of the rocks). b) Sample L2B is mainly made up of hornblende,
plagioclase and quartz with a big amount of hematite and magnetite. c) Sample L3B
contains mainly hornblende, plagioclase, quartz and locally big garnets.
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studies of the Resurrection Peninsula and Knight Island ophiolites
suggest that they were formed along an oceanic spreading ridge
relatively close to the continental margin and were incorporated
into the accretionary prism shortly after their formation (Kusky et
al., 2004; Kusky and Young, 1999; Lytwyn et al., 1997; Nelson and
Nelson, 1993). Lytwyn et al. (1997) and Kusky et al. (2004)
extended their model to the metabasite belt present in the Chugach
terrane around Valdez. They suggested that the Chugach metabasic
rocks could also be linked to the subduction of a ridge and could
have a deeper magma source than the Resurrection and Knight
Islands ophiolites. Based on other observations all along the
southern Alaskan accretionary prism such as the presence of (i) a
series of plutons in a fore-arc position (the Sanak–Baranof belt) and
(ii) the high-grade metamorphism within the CMC, it is now
generally accepted that a ridge was probably subducting below the
Alaskan at some point in time (e.g. Bradley et al., 1993; Farris and
Paterson, 2009; Häussler et al., 1995, 2003; Sisson et al., 2003).
However, there are several open questions regarding this ridge
subduction model, for example which ridge actually subducted
below the margin. Both the Kula–Farallon and the Kula–Resurrec-
tion ridges have been proposed as potential ridges and plate
tectonic models vary considerably (e.g. Bradley et al., 1993; Farris
and Paterson, 2009; Häussler et al., 1995, 2003; Kusky and Young,
1999; Pavlis and Sisson, 1995; Sisson et al., 2003). Therefore, the
relation between this subducting ridge and the large-scale
metabasic belt within the prism is unclear.
In the following, the petrology, metamorphic evolution, trace and
rare earth element composition of amphibolites from three localities
along the Chugach terrane metabasite belt are described in detail and
their tectonic signiﬁcance is discussed.
3. Field occurrence
The metabasite belt has been sampled at three localities within this
highly glaciated region covering ca. 300 km along strike (Fig. 1).
Detailed descriptions of these three localities are given by Bruand
(2011) and correspond towhat they called transects 1–2–3. Coordinates
of the different samples studied here are given in the ﬁgure caption of
Fig. 1. In each locality, the metabasites have one single major foliation
(S3 after Gasser et al., 2011; Pavlis and Sisson, 1995) but their structural
relationships with adjacent metapelites vary from locality to locality. In
the following, ﬁeld relations are described for each locality fromwest to
east.
At locality 1, metabasites are few and form metre scale layers
intercalated with metapelites (samples L1A and L1B; Fig. 2a–b) and
are locally associated with pyroxenite. At locality 2, a metabasite layer
with a minimum thickness of several tens of metres occurs (samples
L2A and L2B; Fig. 2c–d). This layer is delimited by the CMC
metasediments in the north and by the Bagley Iceﬁeld in the south.
At locality 3, an ~2 km thick metabasite sequence is exposed (Fig. 2e).
The contact between the metabasite and the metapelite sequence to
the north is quite sharp. Nevertheless, near this contact, some thin
metabasite layers (cm to m) occur within the metapelite sequence
(Fig. 2f).
4. Petrography
In order to study the metamorphic evolution experienced by the
metabasite belt, we chose one or two representative sample(s) per
locality. The petrography of these samples is described below. Mineral
chemical analyses have been determined using the Superprobe JEOL
JXA 8200 of the Universitätszentrum für Angewandte Geowis-
senschaften (UZAG) at the University of Leoben (Austria) with a
point beam at 15 kV and 10 nA. Mineral abbreviations used in the text,tables and ﬁgures followHolland and Powell (1998), andWhitney and
Evans (2010) for clinozoisite and apatite.
4.1. Locality 1
Representative amphibolites from locality 1 (sample L1B) are
made up of 50% amphibole, 45% plagioclase and 5% minor/accessory
phases (Figs. 3a and 4a–b). Minor phases are epidote, muscovite and
rare chlorite. Ilmenite and apatite are the main accessory phases.
Amphibole is green, up to 600–700 μm in size and contains
plagioclase and ilmenite as inclusions. Following the classiﬁcation of
Leake et al. (1997), the amphibole composition overlaps the
magnesio-hornblende and tschermakite ﬁelds (Fig. 5a and Table 1).
Fig. 4. BSE images of the different metabasite samples. a–b) Sample L1B: hornblende and plagioclase (pl1) locally replaced by actinolite, epidote, albitic plagioclase (pl2) and
muscovite±chlorite. c–d) Sample L2B is made up of hornblende, quartz and plagiocase (pl1), which is locally replaced by cz-ep-pl2 (ab) aggregate. e) Typical phases found in
sample L3B are hornblende, quartz plagioclase, hematite and titanite surrounding ilmenite. f) Local appearance of big garnets with poikiloblastic texture. g) Sample L3A is
characterised by quartz, tschermakite and late chlorite, clinozoisite and titanite. h) Symplectite texture locally present in sample L3B made up of epidote–plagioclase 2 (ab).
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Fig. 5. a) Amphibole discrimination plots from Leake et al. (1997) showing core–rim
compositions from the different samples localities. b) Chemical composition of
plagioclase for the amphibolites from the different sample localities (Fig. 1).
Abbreviations: c = core, r = rim.
287E. Bruand et al. / Lithos 127 (2011) 282–297In one occurrence, the rim of this amphibole (~20 μm wide) evolves
into an actinolite composition (Fig. 4b). Plagioclase is in textural
equilibriumwith the amphibole and is of two types in this sample: (i)Table 1
Representative microprobe analyses of amphibole for the different studied samples. In Tabl
consistency with THERMOCALC calculations (average PT) and is therefore not measured.
Amphibole
Sample L1B L2B
An. no. 95 97 109 113 2–117 24 2–27 2–28
SiO2 44.83 44.81 45.24 45.13 54.08 45.62 54.38 54.11
TiO2 1.25 1.18 1.14 1.14 0.04 0.65 0.00 0.01
Al2O3 9.56 9.30 9.70 9.42 2.41 10.08 1.10 0.72
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 6.35 6.65 6.50 6.08 3.21 7.41 0.00 0.00
FeO 10.84 10.66 10.80 10.67 9.66 8.42 13.36 13.18
MnO 0.31 0.28 0.30 0.34 0.16 0.30 0.16 0.21
MgO 12.55 12.51 12.43 12.52 16.98 13.36 17.01 17.03
CaO 11.20 11.06 10.84 11.62 12.87 11.34 12.51 12.40
Na2O 1.86 1.72 1.68 1.47 0.18 1.42 0.25 0.20
K2O 0.18 0.21 0.24 0.24 0.04 0.08 0.01 0.01
Total 98.93 98.38 98.87 98.62 99.62 98.68 98.78 97.87
Oxides 23.0
Si 6.544 6.574 6.59 6.595 7.603 6.591 7.767 7.79
Ti 0.137 0.130 0.125 0.125 0.004 0.071 0.000 0.00
Al 1.646 1.608 1.666 1.623 0.399 1.717 0.185 0.12
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00
Fe3+ 0.698 0.734 0.713 0.668 0.340 0.805 0.000 0.00
Fe2+ 1.323 1.307 1.316 1.305 1.136 1.017 1.596 1.58
Mn 0.038 0.035 0.037 0.042 0.019 0.036 0.019 0.02
Mg 2.731 2.735 2.698 2.726 3.557 2.877 3.621 3.65
Ca 1.752 1.739 1.692 1.819 1.939 1.756 1.915 1.91
Na 0.526 0.488 0.474 0.416 0.049 0.399 0.069 0.05
K 0.033 0.040 0.044 0.045 0.006 0.015 0.002 0.00
Sum 15.665 15.639 15.597 15.591 15.163 15.557 15.176 15.16the most abundant (pl1) represents 95% of the feldspar and has an
oligoclase composition (~An0.20–0.30) and (ii) a second one (pl2)
which crystallises in patches associated with epidote and chlorite, and
has an albitic composition (~An0.10; Figs. 4a–b and 5, Table 2).
Epidotes are rare (~3%) in the sample and are about 10–100 μm
large. They only appear locally after amphibole and plagioclase
(Fig. 4a–b). Two different epidote-group minerals have been found:
(i) The ﬁrst group occurs directly in contact with amphibole (~100 μm
in size) and has an Fe-rich composition (~10 wt.% Fe2O3) which is
deﬁned as epidote, following the Armbruster et al. (2006) classiﬁca-
tion, and (ii) the second group appears as small crystals after
plagioclase (10–30 μm in size) and is Fe-free, corresponding to a
clinozoisite composition (Armbruster et al., 2006; Table 3). Clinozoi-
site is always associated with albite. Chlorite is rare and developed
always along fractures within amphibole. Muscovite is rarely found
and associated with plagioclase 2 and clinozoisite (Fig. 4a).
Ilmenite is mainly present as inclusions in amphibole and contains
about 2 wt.% MnO. The apatite content varies within the sample and
can locally represent more than 2% of the rock.
4.2. Locality 2
The representative sample of locality 2 (sample L2B) is made up of
about 60% green amphibole, 15% plagioclase, 15% quartz as the main
phases. The amphiboles can be up to 1 cm in size (Fig. 3b). As in
sample L1B of locality 1, the amphibole crystals have two different
compositions from the core (hornblende) to the rim (actinolite;
Fig. 5a). Actinolite develops only along thin rims (up to 10 μm in
width). FeOT in hornblende does not particularly vary between
localities; however, Fe3+/Fe2+ ratio is higher at this locality than in
the other samples studied in this contribution (Table 1). Two different
generations of plagioclase are developed in the sample: (a) one with
andesine composition (~An0.30, Table 2) which is often partly or
entirely decomposed to quartz and (b) more sodic plagioclase (albite;
An≤10, Table 2), which is texturally mostly associated with the
crystallisation of epidote needles and chlorite±actinolite (Figs. 4c–d
and 5b).es 1–3 the Fe2O3 is calculated from charge balance consideration using AX software for
L3A L3B
45 47 81 2–83 141 143 200 202
46.40 45.15 42.04 52.57 41.41 43.39 41.77 43.63
0.60 0.63 0.71 0.07 0.47 0.86 0.41 0.50
9.44 10.53 12.91 2.63 17.71 14.38 17.95 14.81
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.96 7.05 7.14 2.44 2.42 2.46 1.69 3.64
8.94 9.22 11.03 12.22 13.22 12.96 14.20 11.70
0.25 0.27 0.25 0.34 0.34 0.32 0.41 0.41
13.46 12.90 10.83 15.69 8.39 9.57 8.16 10.30
11.32 11.32 11.31 11.95 11.28 11.06 11.72 11.34
1.37 1.61 1.80 0.55 1.66 1.39 1.75 1.34
0.07 0.09 0.53 0.12 0.32 0.43 0.30 0.25
98.81 98.77 98.54 98.57 97.23 96.82 98.38 97.94
9 6.691 6.542 6.206 7.559 6.131 6.433 6.132 6.375
1 0.065 0.069 0.079 0.008 0.053 0.096 0.045 0.055
2 1.605 1.799 2.246 0.445 3.092 2.514 3.107 2.551
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 0.756 0.768 0.793 0.264 0.269 0.274 0.186 0.401
8 1.078 1.117 1.361 1.469 1.638 1.607 1.743 1.429
5 0.030 0.033 0.031 0.041 0.043 0.040 0.051 0.051
9 2.893 2.786 2.382 3.363 1.851 2.114 1.787 2.243
6 1.748 1.757 1.789 1.841 1.789 1.758 1.844 1.776
4 0.382 0.453 0.515 0.152 0.477 0.399 0.499 0.380
3 0.013 0.017 0.100 0.022 0.060 0.082 0.057 0.046
7 15.516 15.601 15.776 15.252 15.495 15.409 15.516 15.442
Table 2
Representative microprobe analyses of plagioclase for the different samples studied.
Plagioclase
Sample L1B L2B L3B
An. no. 96 98 105 108 114 119 129 22 36 29 51 46 138 140 142
pl1 pl1 pl1 pl1 pl1 pl2 pl2 pl2 pl2 pl1 pl1 pl1 pl1 pl1 pl1
SiO2 61.65 60.59 60.60 60.84 61.92 65.07 65.31 67.59 65.73 58.48 59.37 59.72 54.90 55.65 54.70
TiO2 0.00 0.01 0.01 0.03 0.03 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01
Al2O3 24.38 24.07 24.25 24.21 24.36 22.00 21.65 20.59 21.50 26.93 26.02 25.50 28.05 28.07 28.79
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 0.12 0.09 0.15 0.12 0.19 0.18 0.10 0.34 0.36 0.35 0.22 0.33 0.26 0.07 0.15
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.04 0.03 0.03 0.01 0.00
MgO 0.02 0.00 0.02 0.02 0.00 0.00 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.01
CaO 5.16 5.46 5.12 5.23 5.58 2.25 1.89 0.64 1.80 7.68 7.13 6.82 9.86 9.70 10.05
Na2O 9.15 9.01 9.13 9.00 8.79 10.84 10.87 11.88 11.23 7.98 8.00 8.38 6.15 6.51 6.01
K2O 0.04 0.06 0.08 0.08 0.08 0.02 0.04 0.04 0.03 0.02 0.04 0.04 0.03 0.04 0.04
Totals 100.53 99.31 99.37 99.52 100.95 100.39 99.89 101.13 100.66 101.46 100.83 100.83 99.28 100.07 99.75
Oxides 8.0
Si 2.725 2.716 2.713 2.718 2.726 2.857 2.876 2.934 2.878 2.585 2.632 2.648 2.492 2.504 2.471
Ti 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 1.270 1.272 1.280 1.275 1.264 1.139 1.124 1.054 1.110 1.403 1.360 1.333 1.501 1.489 1.533
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3+ 0.004 0.003 0.005 0.004 0.006 0.006 0.003 0.011 0.012 0.012 0.007 0.011 0.009 0.002 0.005
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.000
Mg 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.000
Ca 0.244 0.262 0.246 0.250 0.263 0.106 0.089 0.030 0.084 0.364 0.339 0.324 0.479 0.468 0.486
Na 0.784 0.783 0.793 0.780 0.750 0.923 0.928 1.001 0.954 0.684 0.687 0.721 0.541 0.568 0.526
K 0.003 0.003 0.005 0.004 0.004 0.001 0.002 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.002
Sum 5.032 5.040 5.043 5.034 5.015 5.032 5.025 5.034 5.039 5.050 5.030 5.041 5.025 5.035 5.024
Table 3
Representative analyses of epidote, chlorite, muscovite and garnet for the different samples studied.
Epidote Chlorite Muscovite Garnet
L1B L2B L3A L3B L2B L3A L3B L1B L1B L3B
Sample 118 120 16 41 62 63 218 126 23 64 207 135 134 166 167
Fe-ep ep ep Fe-ep Fe-ep Fe-ep ep ep
SiO2 38.38 38.98 39.51 37.29 37.65 37.67 38.54 38.51 27.29 26.05 25.45 25.50 46.89 SiO2 37.88 37.81
TiO2 0.01 0.04 0.03 0.03 0.14 0.14 0.06 0.51 0.01 0.06 0.04 0.05 0.07 TiO2 0.08 0.07
Al2O3 27.12 33.58 34.16 22.33 24.90 24.77 29.50 29.23 20.20 20.26 22.39 21.71 29.99 Al2O3 21.85 22.26
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cr2O3 – –
Fe2O3 9.01 0.80 0.73 15.63 12.29 12.47 6.18 5.92 1.53 3.30 0.06 0.25 4.00
FeO 0.08 0.01 0.01 0.14 0.11 0.11 0.06 0.05 22.26 21.66 22.96 26.00 1.54 FeOt 24.60 24.28
MnO 0.06 0.01 0.03 0.10 0.17 0.18 0.22 0.02 0.28 0.32 0.44 0.30 0.02 MnO 5.14 5.14
MgO 0.06 0.01 0.00 0.03 0.07 0.08 0.03 0.07 18.51 18.24 16.81 15.16 3.42 MgO 2.44 2.56
CaO 22.08 22.48 23.24 22.20 20.69 21.58 21.92 22.14 0.12 0.03 0.04 0.07 0.03 CaO 8.82 8.97
Na2O 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.04 0.12 0.02 0.03 0.01 0.10 Na2O 0.01 0.00
K2O 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.01 0.02 7.18 K2O 0.00 0.01
Totals 96.81 95.93 97.72 97.75 96.01 97.02 96.51 96.51 90.34 89.97 88.24 89.06 93.25 Totals 100.82 101.09
Oxides 12.5 14.0 11.0 12.0
Si 3.022 3.000 2.989 2.992 3.018 3.001 3.010 3.007 2.754 2.655 2.633 2.655 3.173 Si 2.977 2.957
Ti 0.001 0.002 0.001 0.002 0.008 0.008 0.003 0.030 0.000 0.005 0.003 0.004 0.004 Ti 0.004 0.004
Al 2.517 3.046 3.047 2.112 2.354 2.325 2.716 2.691 2.403 2.434 2.731 2.666 2.392 Al iv 0.023 0.043
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Al vi 2.004 2.012
Fe3+ 0.534 0.047 0.042 0.943 0.742 0.747 0.363 0.348 0.116 0.253 0.005 0.020 0.204 Cr 0.000 0.000
Fe2+ 0.005 0.000 0.000 0.010 0.007 0.008 0.004 0.004 1.879 1.846 1.987 2.264 0.087 Fe3+ 0.000 0.000
Mn 0.004 0.001 0.002 0.007 0.012 0.012 0.015 0.001 0.024 0.028 0.039 0.026 0.001 Fe2+ 1.628 1.610
Mg 0.007 0.001 0.000 0.004 0.008 0.010 0.004 0.008 2.784 2.770 2.591 2.353 0.344 Mn 0.342 0.340
Ca 1.863 1.854 1.884 1.909 1.777 1.842 1.834 1.852 0.013 0.003 0.005 0.007 0.002 Mg 0.286 0.298
Na 0.000 0.003 0.000 0.000 0.000 0.003 0.000 0.007 0.024 0.003 0.006 0.002 0.013 Ca 0.743 0.751
K 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.003 0.003 0.001 0.002 0.620
Sum 7.953 7.954 7.966 7.979 7.927 7.956 7.948 7.947 10.000 10.000 10.000 10.000 6.842 Sum 8.008 8.017
Xalm 53.95 53.00
Xand 0.00 0.00
Xgr 24.95 25.41
Xpy 9.61 10.08
Xspess 11.49 11.51
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Fig. 6. Summary of mineral parageneses of the amphibolite samples from the different
localities (Fig. 1).
289E. Bruand et al. / Lithos 127 (2011) 282–297Epidote and chlorite are minor phases and comprise around 3% of
the rock. As in sample L1B, epidotes are of two types texturally and
compositionally: one associated with the destabilisation of the
amphibole rim which is Fe-rich (epidote) and present at the
amphibole/plagioclase interface (up to 100 μm in size), and a second
one Fe-free (clinozoisite) which is present as small needles (~20–
30 μm) which develop in association with the Na-rich plagioclase
(pl2) and chlorite (Fig. 4c–d and Table 3). Fe-rich epidote has a
higher FeOT content compared to other samples. The epidote can often
show a symplectite texture as in Fig. 4d–g where development of
epidote is associated with pl2±quartz (Chalokwu and Kuehner,
1992).
Magnetite, hematite, titanite and apatite are accessory phases and
are quite abundant in the sample. Magnetite is abundant and locally
associated with hematite. Hematite is also present crystallised after
rare pyrite. Apatite crystals can be up to 100 μm in size and are present
as inclusions in amphibole and plagioclase. Titanite crystals are small
(b50 μm) and present mainly associated to clinozoisite in amphibole
cracks. In general, the ferric phases in this sample are more abundant
than in the other samples of this study.4.3. Locality 3
At locality 3, two different sample types were observed: samples
from the thick amphibolite sequence to the south-west (samples L3A
and L3C) do not contain garnet, whereas samples from the thin
metabasite layers within the metapelites to the north-east contain big
garnets (samples L3B and L3D). Thus, in the following we describe
two types of samples from this locality: (1) the garnet-bearing
samples and (2) the garnet-free samples.4.3.1. Garnet-free (sample L3A)
Amphibole andquartz are themainphases in this typeof amphibolite.
Green amphiboles occur as big crystals (up to 0.5 cm) and comprise 90%
of the sample (Fig. 4h). They can contain titanite and quartz inclusions
and their compositions evolve from tschermakite in the core to a
magnesio-hornblende at the rim (Fig. 5a; up to 50 μm width). Epidote-
groupminerals and chlorite are theminor phases. Epidote crystals can be
up to 100 μm in size and are comparable to the Fe-epidote compositions
of samples L1B and L2B (Table 3). The Fe-epidote crystallises on the
amphibole crystals (Fig. 4g). Chlorite is quite abundant and occurs
around amphibole crystals (Fig. 4h). Titanite and ilmenite are accessory
phases and are most of the time texturally linked, the titanite
surrounding the ilmenite crystals.4.3.2. Garnet-bearing (sample L3B)
The garnet-bearing samples are mainly composed of green amphi-
bole, plagioclase, quartz and garnet (Fig. 3c). Amphiboles are abundant
(~70%), green in colour and up to 0.5 cm in size. They can contain
ilmenite and titanite as inclusions and are tschermakitic in composition
following the classiﬁcation of Leake et al. (1997; Fig. 5a and Table 1). The
garnets are up to 1.5 cm in size and have a poikiloblastic texture with
many quartz, amphibole and plagioclase inclusions (Figs. 3c and 4g).
The crystals have a homogeneous composition about Alm53-Gr25-Py10-
Spess11 (Table 3). Plagioclase andquartz are in textural equilibriumwith
amphibole and garnet. Plagioclase has an andesine composition
between ~An0.33 and ~An0.48 (Fig. 5b and Table 2). More rarely than
in localities 1 and 2, crystallisation of plagioclase 2 and epidote (up to
200 μm in size) as symplectite occurs at the amphibole/plagioclase
interface (Fig. 4h).Minor small chlorite crystals (b50 μm)can crystallise
in the amphibole. Ilmenite, titanite and hematite are accessory phases.
Ilmenite is quite abundant and most of the time surrounded by titanite
(Fig. 4e). Titanite is also abundant and big in size (up to 200 μm).
Hematite has been rarely found (Fig. 4e).4.4. Texture interpretation
Following the petrographic description above, we infer the
following mineralogical evolution (Fig. 6):
(1) At locality 1, the peak assemblage is composed of magnesio-
hornblende/tschermakite, plagioclase (pl1), apatite and il-
menite, followed by the development of late phases such as
actinolite, plagioclase (pl2), epidote (ep and Fe-ep), muscovite
and chlorite.
(2) At locality 2, the peak assemblage is composed of magnesio-
hornblende, quartz, plagioclase (pl1), hematite and magnetite,
followed by the development of actinolite, plagioclase (pl2),
epidote and titanite as late phases.
(3) At locality 3, two different sample types are observed (garnet-
bearing and garnet-free samples): (i) the garnet-bearing
sample (L3B) contains garnet, tschermakite, pl1, quartz and
ilmenite/titanite as peak phases and late phases are pl2,
epidote and chlorite. Hematite was only rarely found and it
was not possible to assign this phase to the peak or retrograde
assemblage (Fig. 6). (ii) The garnet free sample (L3A) contains
hornblende, quartz, hematite and ilmenite/titanite as peak
phases and late phases are actinolite, epidote and chlorite. In
locality 3, titanite belongs more probably to the peak
paragenesis. Ilmenite occurs in all samples as small crystals
mostly as inclusions in titanite.
In summary, the metabasic rocks exposed along the southern
part of the CMC have a typical amphibolite facies peak assemblage
with a greenschist facies overprint. As observed in the metapelites
of the CMC, the only recognised high grade metamorphism in
these rocks occurred under amphibolites facies and no relic of LT–HP
minerals typical for subduction zones were found. The different
microstructures and the compositional evolution of the phases ob-
served in the rocks correspond to well-known reactions (here un-
balanced) which occur between amphibolite and greenschist facies
ﬁelds (Fig. 4):
(i) The evolution of plagioclase composition from oligoclase to
albitic composition and the appearance of epidote and
actinolite associated as in Fig. 4b and d:
Amphibole1 þ oligoclaseþ quartzþ H2O  chlorite→Amphibole2
þ chloriteþ epidote þ albiteðLaird; 1980Þ:
(ii) The evolution of tschermakite/hornblende composition toward
actinolite composition at the rims of crystals corresponds most
likely with a combination of tschermaks (AlIVAlVI=Mg or FeSi)
Fig. 7. Estimated T conditions at different P (5, 10 and 15 kbar) for the amphibolites
following the Holland and Blundy (1994) thermometer. Stars are PT estimates for
metapelites surrounding or close to the metabasites (Bruand, 2011). r1 and r2 are the 2
different reactions used for the thermometer (see text).
290 E. Bruand et al. / Lithos 127 (2011) 282–297and edenite (NaAlIV=Si) exchanges, which probably occurred
in different proportions in the different samples. The epidote–
albite–quartz symplectite texture was also described as a
typical texture of the transition from amphibolite toward
greenschist facies by Chalokwu and Kuehner (1992).
5. Thermobarometry
In order to constrain the metamorphic conditions of the
metabasites, we applied the hornblende–plagioclase thermometer
(Holland and Blundy, 1994) and average-PT calculations which are
detailed in the following.
5.1. Hornblende–plagioclase thermometer
The hornblende–plagioclase (hb–pl) thermometer of Holland and
Blundy (1994) is applicable in the PT range 400–1000 °C and 1–15 kbar
on a broad range of bulk composition and is based on two reactions
involving amphibole and plagioclase endmembers:
edenite + 4quartz = tremolite + albite ð1Þ
edenite + albite = richterite + anorthite ð2Þ
However, reaction (2) is the only applicable thermometer in a
quartz-absent hornblende-bearing assemblage like our sample L1B
(Fig. 6). The application of this conventional thermometer on the CMC
metabasites gives T results for the complex. Hb–pl thermometry results
are presented here between5 and15 kbar to cover the range of pressure
values obtained from the metasediments (Bruand, 2011). Results
presented in Table 4 and Fig. 7, are described by location and compared
to available PT data on metasediments adjacent to our metabasite
samples. Bruand (2011) give PT valueswhich range between 680 °C and
730 °C and 8 and 11 kbar for the southern part of the metapelite
complex to the north of the metabasites.
In Sample L1B, quartz was not observed neither during microscope
normicroprobe analysis and therefore, reaction (1) is excluded from the
calculation. Thus following reaction (2) calculations, temperaturevalues
of this sample are between 730 °C and 793 °C in the 5–15 kbar pressure
range (Table 4 and Fig. 7). Considering themetapelite pressure results in
this area close to 7–8 kbar (Bruand, 2011), the range of temperature for
sample L1B can be constrained between 743 °C and 784 °C. The
temperature value previously obtained on the metapelite (~710 °C;
Bruand, 2011) surrounding the metabasite corresponds to the lower
temperature range obtained from sample L1B and is within the error of
the hb–pl thermometer (±40 °C).
Sample L2B gives results between 676 °C and 798 °C in the 5–15 kbar
range. Although temperature results for 5 kbar plot in a narrow
temperature range of about 740–760 °C, temperatures corresponding to
higher pressures are split in two groups (Fig. 7). Interestingly,
temperatures of reaction 2 range above those of reaction 1 for
10bPb15 kbar (Table 4 and Fig. 7). This phenomenon has been inferred
by Holland and Blundy (1994) as a possible consequence of: (i) anTable 4
Results obtained with the hb–pl thermometer (Holland and Blundy, 1994) at different pres
Reaction (1) Reaction (2)
5 kbar 10 kbar 15 kbar 5 kbar
L1B – – – 730–774
L2B 757–765 717–734 676–703 743–759
L3B 611–684 680–733 738–829 587–656
Footnotes a and b are thermobarometric results on metapelite after Bruand (2011).
a After pseudosection calculations.
b After average PT calculations.incorrect calculation of ferric iron content, (ii) the non-equilibrium of the
pair plagioclase–amphibole or (iii) a range of amphibole composition
outside of the calibration used for the thermometer. In our case, this could
simply mean that the amphibole–plagioclase pair is not at equilibrium
between10 and15 kbar or that the ferric iron content in this sample is too
highas indicatedby thehighamountof ferric phases. Thus the incomplete
consistence of the thermometer results for this sample in the 10–15 kbar
pressure range could come either from the disequilibrium of the
amphibole–plagioclase pair at these pressures, or from an inadequate
ferric calculation for the amphibole. Therefore, considering the latter
case, the temperature of sample L2B would be between 676 °C and
800 °C but considering the former case could narrow to 5 kbar and 740–sures (5, 10 and 15 kbar) compared to metapelite results from Bruand (2011).
Metapelite
10 kbar 15 kbar P (kbar) T (°C)
743–784 756–793 T15 8–9a 710a
766–778 789–798 BG9b 11b 730b
665–718 742–793 N35 10a 680a
Table 6
AvPT calculations of a representative sample of locality 3 (L3B) following different
mineral analyses (L3B-1 and L3B-2) and with different aH2O.
Sample aH2O T (°C) Sd P (kbar) Sd Corr Sigﬁt Reaction nb
L3B-1 1 643 51 8.2 1.1 0.669 0.49 1–5
0.5 647 51 7.6 1.1 0.651 0.59
L3B-2 1 675 55 8.0 1.2 0.663 0.59 1–4, 6
0.5 618 47 7.9 1.1 0.657 0.54
L3B-2 – 652 97 8.4 1.6 0.853 0.60 1, 4, 6, 7
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give P value close to 5–6 kbar and validate this last case. The tempera-
ture results are comparable to the ones of locality 1 and to the tem-
peraturesobtained formetapelites a fewkilometres to thenorth(~730 °C;
Bruand, 2011).
Sample L3B is the garnet-bearing sample studied in locality 3.
Results on the plagioclase–amphibole pair of this sample reveal a
small scattering of temperature for a given pressure. In general,
temperature values in the 5–15 kbar range are between 587 °C
and 829 °C. However, previous work on metasediments in contact
with sample L3B (Bruand, 2011; Fig. 2f) gives well-constrained
values of about 680 °C (Table 4). In this locality, amphibolite
layers have been found interbedded with the metapelite close to
the amphibolites–migmatitic gneiss contact (Figs. 2e–f). Both
lithologies are deformed by D3 deformation contemporaneous
with the peakmetamorphism (e.g. Gasser et al., 2011; Pavlis and Sisson,
1995). Therefore, if we consider the metapelite pressures as represen-
tative for themetabasite (~10 kbar), then temperatures are constrained
between 665 °C and 733 °C which is again in the temperature range of
the metapelite results (~690 °C).5.2. Average PT calculations
We performed pressure–temperature calculations using the
software THERMOCALC 3.33 (Holland and Powell, 1998, recent
upgrade). In particular, we used this software to perform average PT
(AvPT) calculations (Powell and Holland, 1988, 1994, 2008). This
method is based on the calculation of an independent set of end-
member reactions between the phases of an equilibrium assemblage
and calculates the average PT from the intersection of all these
reactions (e.g. Table 5). Activities of the different end-members used
for the calculations are obtained using the software AX of Holland and
Powell (1998).
We performed AvPT calculations on the garnet-bearing metabasite
sample L3B. The parageneses of the other samples did not permit
these calculations because of an insufﬁcient number of mineral
endmembers (Fig. 6). Calculations for the sample were done using the
minerals of the peak paragenesis (Fig. 6) and the same amphibole and
plagioclase couples (plus other phases) already used for the hb–pl
thermometry discussed above.
Since it is necessary to know the activity of water for reactions
involving hydrous equilibria, we need to calculated average PT as a
function of a(H2O). The amphibolites have not experienced a poly-
metamorphic evolution (e.g. Bruand, 2011; Gasser et al., 2011; Sisson
et al., 1989) and water activity during the peak metamorphic event has
been identiﬁed to have been around 0.75 within the metapelites
surrounding the amphibolite layer (Bruand, 2011). Thus, the rocks are
likely to have been water-saturated during their evolution with a(H2O)
similar to the nearby metapelite (See Bruand, 2011). To test
this assumption and the variation of the results depending on different
a(H2O) values, we calculated average PT as a function of a(H2O) to see
which result had the best consistency between the different indepen-
dent reactions as deﬁned in THERMOCALC by the statistical parameterTable 5
List of independent reactions used in THERMOCALC average PT calculations.
No. Reactions
1 2py+4gr+3ts+12q=12an+3tr
2 21an+6tr=10py+11gr+27q+6H2O
3 21an+6fact=11gr+10alm+27q+6H2O
4 24an+3tr+6parg=4py+8gr+6ab+9ts
5 2an+gl=2ab+ts
6 4py+8gr+9gl=6an+12ab+3tr+6parg
7 5py+3fact=5alm+3tr‘sigﬁt’ (L3B-1 and L3B-2; Table 6). A calculation run excludingwater has
also been performed. Results presented in Table 6 reveal a similar range
of PT conditions either if we use a(H2O) between 0.5 and 1 (618–675 °C
and7.6–8.2 kbar) or ifwater is excluded from the calculations (652 °C±
97and8.4±1.6 kbar). The only difference is visible in the error on thePT
data which is more signiﬁcant for the run which excludes water
(Table 6). These PT conditions are comparable to the ones from the
adjacentmetapelites (Bruand, 2011; Table 4) and pressure estimates on
tonalite from this locality (~8 kbar; Sisson et al., 2003).
6. Geochemistry
6.1. Analytical methods
Whole-rock major and trace elements compositions of the
metabasites were obtained by X-ray ﬂuorescence spectrometry
(XRF) on powder pellets with a Siemens Pioneer S4 WD-XRF at the
Department of Earth Sciences, University of Graz. In addition, for trace
elements and Rare Earth Element (REE) analyses, samples have been
dissolved with concentrated HF and HNO3 and analysed on an Agilent
7500s ICPMS at the Open University (UK), following standard
procedures (Rogers et al., 2006). Major element compositions from
XRF, and trace and rare earth element compositions from ICP-MS are
given in Table 7. Apart from the Zr and Hf, trace elements values
obtain by XRF and ICP-MS are comparable. The dissolution chemistry
used for the ICP-MS analyses is not efﬁcient enough to entirely
dissolve the zircon crystals. Thus, Zr and Hf values are under-
estimated by the ICP-MS method and are taken from the XRF trace
element analyses.
6.2. Whole-rock composition
The four samples described in the petrographic section and four
additional samples (L1A, L2A, L3C and L3D) from the three localities
studied in this contribution were analysed for major and trace
element composition. The SiO2 content of the samples is 48–50%,
except for the garnet-bearing sample L3B, which has a higher SiO2
content of about 55%. Fe2O3 varies between 11.6% and 15% except for
sample L1A which has a Fe2O3 content of about 7%. MgO ranges
between 5.5% and 8%, except for L1A (~11%). CaO is about 8–13.5% and
Al2O3 is relatively constant with a value of about 12–15%.
6.3. Trace elements and REE compositions
Generally, trace element plots for metamorphic rocks in a
chondrite- or primitive mantle-normalised diagram reveal that the
mobile elements vary considerably whereas the immobile elements
are concordant with each other (e.g. El Korh et al., 2009). This
observation is common in metamorphic terranes and can be
correlated with the fact that during metamorphism/alteration, rocks
experience signiﬁcant element mobility in the large ion lithophile
elements (LILE). Therefore, only the immobile high ﬁeld strength
elements (HFSE) and rare earth elements (REE), are generally used to
trace the source and evolution of a metamorphic rock.
Table 7
Whole-rock major (wt.%), trace element and rare earth element (ppm) abundances in metabasites from the southern part of the Chugach terrane (see Fig. 1).
L1A(T6) L1B(T12) L2A(BG28) L2B(BG30) L3A(N27) L3B(N37b) L3C(N41) L3D(N42)
SiO2 48.75 50.18 47.29 51.52 47.83 54.91 48.84 51.61
Al2O3 15.19 13.67 13.28 12.98 13.94 12.20 14.26 12.97
Fe2O3 7.74 12.28 15.32 13.19 15.00 13.22 11.59 11.84
MnO 0.14 0.22 0.27 0.18 0.21 0.30 0.19 0.16
MgO 10.81 7.53 5.54 7.22 6.82 5.52 7.57 7.86
CaO 12.47 9.13 11.91 8.03 10.02 8.87 13.37 10.02
Na2O 0.99 4.07 2.43 3.11 2.39 1.48 2.48 2.42
K2O 0.07 0.20 0.23 0.16 0.56 0.25 0.13 0.70
TiO2 0.28 0.94 1.30 0.78 1.04 1.41 0.66 0.49
P2O5 0.01 0.10 0.10 0.06 0.10 0.16 0.06 0.04
LOI 2.13 0.50 0.91 1.63 1.37 0.74 0.43 0.78
Total 98.58 98.81 98.56 98.87 99.29 99.05 99.57 98.88
Element
Cs 0.075 0.059 0.141 0.080 1.035 0.005 0.009 0.185
Rb 1.208 1.897 3.666 3.636 19.230 1.171 2.994 16.380
K 589 1685 1909 1361 4682 2075 1063 5819
Ba 42.83 45.67 17.58 20.94 34.57 93.14 14.88 203.00
Th 0.165 0.034 0.056 0.025 0.158 0.466 0.122 0.311
U 0.278 0.063 0.106 0.015 0.169 0.391 0.304 0.291
Nb 1.071 1.079 1.009 0.472 2.478 5.229 1.884 0.668
Pb 1.968 0.554 0.257 0.154 0.385 2.252 0.193 1.269
Nd 2.086 4.561 6.224 3.628 5.265 13.300 3.606 2.183
Sr 141.00 85.52 78.59 52.83 76.35 88.34 76.48 110.30
Sm 0.774 1.989 2.849 1.689 2.187 4.209 1.466 0.966
Zr 19.7 43.4 56.0 43.0 61.0 127.6 43.1 42.5
Ti 1545 5276 7620 4465 6193 8089 3897 2828
Y 13.28 30.04 43.72 26.86 36.41 43.62 28.00 17.72
La 1.295 1.092 1.336 0.818 2.214 8.864 1.551 0.910
Ce 3.042 3.766 4.578 2.638 5.854 14.160 4.145 2.165
Pr 0.441 0.744 0.982 0.573 0.965 2.789 0.669 0.371
Eu 0.318 0.767 1.062 0.719 0.867 1.319 0.613 0.381
Gd 1.271 3.219 4.581 2.822 3.556 5.562 2.552 1.686
Tb 0.265 0.640 0.918 0.560 0.726 1.020 0.539 0.352
Dy 1.929 4.505 6.365 4.031 5.184 6.875 3.950 2.550
Ho 0.462 1.048 1.474 0.944 1.236 1.534 0.953 0.615
Er 1.427 3.123 4.399 2.832 3.780 4.481 2.890 1.868
Yb 1.474 3.101 4.251 2.862 3.804 4.297 2.951 1.972
Lu 0.227 0.481 0.652 0.445 0.595 0.655 0.461 0.318
Fig. 8. Chondrite-normalised REE patterns of whole rockmetabasite in comparisonwith
N-MORB, E-MORB and OIB (Sun and McDonough, 1989). a) Metabasite samples from
this study (Fig. 1 and Table 7). b) Lull and Plafker (1990) metabasites.
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samples of Lull and Plafker (1990; Figs. 1 and 8b) are plotted in a
chondrite-normalised diagram and are compared to average ocean
island basalt (OIB), “normal” mid-ocean ridge basalt (N-MORB) and
enriched mid-ocean ridge basalt (E-MORB) (Sun and McDonough,
1989; Fig. 8). From these plots it may be seen that our samples and the
ones of Lull and Plafker (1990), except for samples L3B and 9, are
comparable with the N-MORB pattern. Most of the samples are light
REE depleted, with Ce/Yb~0.29–0.9, which is comparable to the one of
the N-MORB value (Ce/Yb~0.68). Four of the N-MORB-like samples
have lower Ce concentrations compared to La (samples L3D and L1A,
as well as samples 2 and 8 of Lull and Plafker, 1990). The REE patterns
of samples L3B and 9 are different: they have a much higher Ce/Yb
ratio (3.29) and have a REE pattern closer to the E-MORB pattern.
From Fig. 8, three different sample groups can be distinguished: (1)
group 1 samples have compositions close to N-MORB (samples L3A,
L3C, L2A and L2B from this study and 1, 3, 5, 6, and 7 from Lull and
Plafker, 1990) and represent the majority of the samples, (2) group 2
samples have a pattern similar to group 1 samples except for the La/Ce
ratio which is higher than in group 1 samples (samples L1A, L1B and
L3D from this study and 2 and 8 from Lull and Plafker (1990) and (3)
group 3 samples have compositions close to E-MORB (samples L3B
and 9).
To get a further indication of the history of our metabasite samples
before and during metamorphism a diagram of their trace element
normalised to N-MORB is plotted (Fig. 9). In these diagrams, the most
incompatible elements are enriched and the most compatible ones are
close to 1. The three sample groups deﬁned above based on their REEpatterns can be distinguished and reveal different features. The N-
MORB-like groups (groups 1 and 2) show both strong positive
anomalies in Ba and U (Fig. 9a–b). In addition, group 2 samples (L1A,
293E. Bruand et al. / Lithos 127 (2011) 282–297L1B, L3D) reveal positive anomalies in Pb and Sr (Fig. 9b). L3B sample
has a different pattern: themost compatible and incompatible elements
are close to 1 whereas positive anomalies occur in between such as for
Ba, U and Pb (Fig. 9b).
Previous studies on trace elements in metamorphic rocks (e.g.
Becker et al., 2000; Brenan et al., 1995; Pearce, 1983; Staudigel et al.,
1996) have shown that elements such as Nb, Zr or Ti are immobile and
are neither affected by alteration of seaﬂoor nor by metamorphism in
the PT range experienced by our samples. Thus we use these elements
to test the mobility of other elements before and during metamor-
phism. Th–Nb/Th, Zr–Nb, Zr–TiO2 and Zr–Nd diagrams (Fig. 10) show
that Nb, TiO2 and Nd correlate with Zr, and that Nb correlates with Th,
which conﬁrms that they were relatively immobile during metamor-
phism. All group 1 samples plot in or close to the MORB ﬁeld, whereas
the three group 2 samples plot outside of this ﬁeld (Fig. 10).
Fig. 9 highlights positive Ba, U, and Pb anomalies in all three
sample groups. Therefore, these elements are plotted against some of
the immobile elements deﬁned before (Nd and Nb, Fig. 11). The values
for altered basalt compositions reported in the literature (enriched in
U and K, due to alteration of the seaﬂoor, e.g. Becker et al., 2000; Kelley
et al., 2003; Staudigel et al., 1996) are also plotted on Fig. 11. The Nb/U
and K/Nb ratios from the three sample groups differ from the MORB
composition. In the U–Nb/U diagram (Fig. 11a), all the group 1 and 3
samples (except L2B sample) plot either in the altered-MORB ﬁeld or
have even greater U enrichment. Similarly, Group 2 samples have low
Nb/U ratios. In the Ba/Nb–K/Nb diagram (Fig. 11b) all samples plot
outside of any reference ﬁeld. Their Ba/Nb ratios are much higher than
the ones observed in typical MORB or altered-MORB. To illustrate theFig. 9. N-MORB normalised element concentration diagram with the more compatible
elements to the right following the increasing compatibility during the generation of
MORB (Hofmann, 1988; Sun and McDonough, 1989) except for K normally located
between U and Nb (Becker et al., 2000). a) Group 1 samples showing U and Ba positive
anomalies compared to Staudigel et al. (1996) and Kelley et al. (2003) altered oceanic
basalt compositions (AOB). b) Groups 2 and 3 samples compared to AOB from the
literature (Kelley et al., 2003; Staudigel et al., 1996). There are positive anomalies in U,
Ba, Pb and Sr for the 2 groups (except Sr for group 3).Pb anomaly found in the samples, a Nd/Pb–Pb diagram is plotted in
Fig. 11c. Group 1 samples plot in theMORB ﬁeld whereas groups 2 and
3 samples have Nd/Pb values closer to the continental crust value
(Fig. 11c).
Finally, since some of the samples plot in or close to the altered
basalt ﬁeld in Fig. 11a, we report typical altered basalt trace element
patterns in Fig. 9 for comparison. We used representative altered
MORB compositions from Staudigel et al. (1996) and Kelley et al.
(2003; Fig. 9). Except for the positive Ba anomaly, which is larger in
our samples, the altered oceanic basalt (AOB) patterns are compa-
rable to the group 1 samples, having a similar positive U anomaly
(Fig. 9a). However, the Sr and Pb anomalies present in group 2–3
samples are absent in the AOB patterns. The group 2 samples have a
stronger Ba anomaly, Pb and Sr positive anomalies, as well as lower
values for the compatible elements, than the AOB patterns. The group
3 sample has a larger positive Ba and Pb anomaly than the AOB
patterns.
7. Discussion
7.1. Metamorphic conditions
From west to east, the PT peak conditions derived from three
localities of the metabasite belt are about 730–793 °C for assumed
pressures between 5 and 15 kbar (based on PT conditions for adjacent
metapelites) in the westernmost part (L1B; Table 4), about 676–
800 °C between 5 and 15 kbar, which can be narrowed to about 5 kbar
and 740–760 °C in the central locality (L2B; Table 4) and about 640–
675 °C and 8 kbar in the easternmost locality (L3B; Table 6). In
localities 1 and 3 these temperature and/or pressure values are
comparable with the data newly obtained for the CMC metapelites
north of the metabasites and thus have a similar metamorphic history
(Table 4; Bruand, 2011). However, even though the metapelites and
metabasites of locality 2 have similar temperatures, pressure
estimates for these metabasites could be lower (5 kbar) than
estimates for the metapelites a few kilometres to the north
(11 kbar, Table 4). A strong down-dip lineation in these metapelites
with N-side up sense of movement is the result of thrust faulting
during and after peak metamorphism, indicating that rock units were
exhumed from different depth levels. This could explain the different
pressure estimates (Bruand, 2011; Gasser et al., 2011).
The CMC and the metabasite belt expose HT rocks that undergone
amphibolites facies peak conditions during the Eocene. The unusual
presence of HT conditions in an accretionary prism has been
interpreted mainly as the result of the subduction of a ridge (e.g.
Bradley et al., 1993, Häussler et al., 1995, 2003; Pavlis and Sisson,
1995). However, recent studies combining petrologic, geochronology
and structural work in the region highlighted a different interpreta-
tion (Bruand, 2011; Gasser, 2010; Gasser et al., 2011). During
subduction, succession of ﬂattening (D2) and compression (D3)
events in this region could have rise the temperature within the
accretionary prism leading to the absence of typical LT–HP subduction
facies rocks within the CMC (blueschist and eclogite) and the
presence of amphibolites to upper-amphibolite facies rocks.
7.2. Origin of the metabasite layer: altered oceanic basalt and arc
tholeiites
Using REE data, three sample groups can be identiﬁed in three
localities of the metabasite belt (Fig. 8). Chondrite-normalised REE
patterns suggest a N-MORB source for group 1–2 samples and pattern
between E-MORB and OIB for L3B (called group 3 sample in the
following; Fig. 8). N-MORB like REE patterns of group 1–2 samples are
comparable with an oceanic crust or an intra-oceanic island arc
protolith (e.g. Jakes and Gill, 1970; Saha et al., 2005). Trace element
diagrams (Fig. 9) show that alteration and/or metamorphism of basalt
Fig. 10. a) Nb/Th–Th, b) Nb–Zr, c) TiO2–Zr, and d) Nd–Zr diagrams. OIB and MORB values from the literature are reported as shown by Becker et al. (2000) for comparison. The three
different metabasite sample groups are plotted and are close or in the MORB ﬁeld although group 2 shows generally lower values.
294 E. Bruand et al. / Lithos 127 (2011) 282–297affected the more incompatible elements (e.g. Cs, Rb, Ba) which are
enriched compared to N-MORB. Furthermore, they reveal recurrent U
and Ba positive anomalies in the metabasite samples (Fig. 9).Fig. 11. a) Nb/U–U diagram, PM is primitive mantle (Hofmann, 1988); cc is average
continental crust (Taylor andMc Lennan, 1985), ﬁeld of altered MORB is from Staudigel
et al. (1996) data. b) K/Nb–Ba/Nb diagram showing higher Ba value for all the sample
groups of this study. c) Nd/Pb–Pb diagram, showing that group 1 samples are close to
the MORB ﬁeld whereas groups 2 and 3 are closer to CC. Symbol legend in Fig. 10.Previous studies on metamorphic rocks in subduction zones (e.g.
Becker et al., 2000) observed that such rocks generally experience a
typical strong depletion in K, Rb and Ba relative to Nb and Th. Our
samples are not affected by this characteristic mobilisation of K, Rb
and Ba observed in blueschists or eclogite rocks likely due to the lower
pressure of our samples (b11 kbar). The rocks studied by Becker et al.
(2000) had depletions of these elements at pressures greater than
12 kbar. Interestingly, a comparison between trace element patterns
of the CMC metabasites and AOB show a similar U positive anomaly
(e.g. Kelley et al., 2003; Staudigel et al., 1996; Fig. 9). Ba generally, has
a positive anomaly in AOB but varies considerably (e.g. Kelley et al.,
2003; Staudigel et al., 1996) and the positive Ba anomaly in the CMC
metabasites is higher than the most common AOB reported in the
literature (Fig. 11b). Thus, the Ba and U positive anomalies in the CMC
samples are probably an indication of the alteration of the metabasite
before subduction.
Fig. 10 indicates that Nb, Th, Zr, Ti and Nd elements are immobile
in the CMC metabasites so that they can be used to determine the
mobility of other elements such as U or Pb. The Nb/U–U diagram
shows that group 1 samples plot in the altered MORB ﬁeld which
conﬁrms that the original basalt was probably affected by alteration.
Concerning group 2, the samples always plot outside of the MORB or
altered-MORB ﬁelds (Figs. 10 and 11). Additional to the U and Ba
anomalies, they reveal two systematic other anomalies: positive Pb
and Sr anomalies that cannot be linked to the alteration of the basalt
or directly to their metamorphism. Sr is known to be unaffected by
alteration of the oceanic ﬂoor, thus the anomaly is either inherited
from the original protolith or from the metamorphic process.
Sorensen and Grossman (1989) and Sorensen et al. (1997) showed
that an enrichment of Sr can be a consequence of the interaction with
ﬂuids from the surrounding sediments during subduction of a slab. On
the other hand, Pb is believed to be a mobile element and can be
added to metabasite if they come in contact with metasediments
during subduction (e.g. Sun and McDonough, 1989). However,
following Miller et al. (1994), island arc basalts are known to have a
Ce/Pb ratio below typical MORB and thus have a higher Pb content
(Fig. 12). In order to test if this positive Pb anomaly in our samples is
the consequence of an arc tholeiite signature or the consequence of
their interaction with sediments during subduction, our sample
values are reported in Fig. 12. In this ﬁgure, group 1 samples plot in
the MORB ﬁeld although for similar Ce values, the group 2 samples
295E. Bruand et al. / Lithos 127 (2011) 282–297plot in the arc tholeiites ﬁeld. The group 3 samplemade up of only one
sample is slightly different as its Ce concentration is higher than the
other samples which could be the consequence of contamination by
sediments. Field observations show that group 2–3 samples are thin
metabasite layers in between metapelite (~1 m; Fig. 2a and f). This
layering probably originated during sedimentation and is most likely
the result of emission of lava close to a margin and thus with a Pb
anomaly indicating an island arc origin. The Sr anomaly could be the
result of sediment contamination during subduction as the surround-
ing metapelites experienced partial melting which could have
affected the Sr signature of the rocks. Therefore, we interpret the
observed Ba and U anomalies as a result of alteration prior to
subduction, the Pb anomaly as a result of an intra-oceanic island arc
signature and the Sr anomaly as a result of the interaction of
sediments with the metabasites during subduction. Interestingly, the
presence of N-MORB like rocks associated with island arc rocks is
common in ancient and existing island arcs (e.g. DeBari et al., 1999;
Johnson and Fryer, 1990; Saha et al., 2005). Therefore, we suggest that
the occurrence of group 2 samples, which have an intra-oceanic island
arc signature, together with the occurrence of group 1 samples, which
have a N-MORB signature, are good analogue of island arcs.
7.3. Geodynamic interpretation
7.3.1. Subduction of a high-relief slab
The geometry of the southern margin of Alaska shows a good
concordance with the subduction of a high relief slab under an
accretionary prism as modelled with sandbox experiments by
Dominguez et al. (2000) (Fig. 13a). Their model shows that the
subduction of a seamount induces: (i) a suture zone of metabasite
within the accretionary prism and the creation of a second
accretionary prism farther outboard, (ii) strong shortening and uplift
of the accretionary prism and (iii) underplating of maﬁc rocks. In
Fig. 13, this experiment is compared to the geophysical cross-section
of the southern Alaskanmargin (Fuis et al., 2008). The geometry of the
southern Alaskan margin is interestingly very similar: a ﬁrst
accretionary prism (Chugach terrane) is separated by a maﬁc suture
(metabasite belt) from a second accretionary prism (Prince William
terrane, Fig. 13b). The metabasite suture is much less exhumed than
the accretionary prism behind, which is what we observe in the PT
data from locality 2.
So, it is likely that a basaltic slab with a high relief subducted the
accretionary prism, but the origin of this high relief has been a matter
of debate. The two suggestions proposed are: (1) either that the
metabasite belt is the result of the accretion of parts of a subducting
intra-oceanic island arc (Lull and Plafker, 1990) or (2) that the belt is
the result of the accretion of parts of a subducting spreading ridge (e.g.Fig. 12. Ce/Pb–Ce diagram with ﬁeld values of the global MORB, OIB and arc basalt
reported from Miller et al. (1994) and references therein. Group 1 samples plot in the
MORB ﬁeld (grey squares) and group 2 and 3 samples plot in the arc tholeiites ﬁeld
(black and white squares).Bradley et al., 2003; Kusky et al., 2004; Lytwyn et al., 1997; Sisson
et al., 2003). The two models are discussed below.
7.3.2. Intra-oceanic island arc or ridge model?
(1) The subduction of an intra-oceanic island arc (seamount arc)
has been proposed by Lull and Plafker (1990) who worked on
the metabasite belt of the Chugach terrane. They based their
interpretation on the geometry of the metabasite belt, which
indicates that a long, narrow feature accreted to the margin.
(2) The subduction of a spreading ridge has been inferred based on
the study of a younger metabasite belt farther west of the CMC
(Kusky et al., 2004; Lytwyn et al., 1997). Many workers have
also suggested the subduction of such a ridge below the
Alaskan margin based on the fore-arc position, geochemistry
and age distribution of the Sanak–Baranof plutonic belt (e.g.
Bradley et al., 1993, 2000, 2003; Farris and Paterson, 2009;
Harris et al., 1996; Häussler et al., 1995, 2003; Madsen et al.,
2006; Marshak and Karig, 1977; Sisson and Pavlis, 1993). The
age relationships of the Sanak–Baranof plutons suggest that
this ridge must have subducted below the margin between ca.
61 Ma in the west and ca. 50 Ma in the east (e.g. Bradley et al.,
1993, 2003).
However, the second model is difﬁcult to reconcile with the age
relationships and the shape of the metabasite belt. The sediments
north of the metabasite layers have youngest detrital zircon
populations of 75–60 Ma (Häussler et al., 2005, Gasser, 2010), limiting
the accretion of the metabasite belt to after ca. 60 Ma. Peak
metamorphic conditions in the CMC were reached at 55–51 Ma
(Gasser, 2010; Sisson et al., 1989), limiting the accretion of the
metabasite belt to before 55 Ma. Therefore, accretion of the
metabasite belt must have occurred between 60 and 55 Ma. Given
its elongate shape and the short time available, the entire belt
probably accreted to the margin as one large piece. This accretion and
subduction was followed by the younger accretion of the Prince
William terrane sediments and the ophiolites farther outboard. These
younger ophiolites, speciﬁcally the ophiolites on Resurrection
Peninsula and Knight Island, reveal strong evidences of ridge
subduction (Kusky et al., 2004 and references therein). Therefore
the more inboard and older metabasites of the Chugach terrane
cannot be derived from the same ridge.
Given our geochemical data which point to an island-arc origin of
at least some of the samples, and the fact that this metabasite belt and
the Resurrection and Knight Island ophiolites cannot be derived from
the same subducting ridge, we propose that the accretion of an island
arc is the better explanation for the origin of themetabasite belt in the
southern Chugach terrane.
8. Conclusions
In this study we present petrologic descriptions, PT and new
geochemical data from three localities within major metabasite belt
exposed in southern Alaska. Our study revealed the following:
temperature and pressure estimates for the metabasites are similar
to the PT data obtained for adjacent metapelites at localities 1 and 3
(Bruand, 2011). However, metabasites from locality 2 probably record
lower pressures (P~5 kbar) than the metapelites of the CMC adjacent
farther north (which show up to 11 kbar; Bruand, 2011). The
geochemistry of these rocks suggests an origin from altered basalts
that have partly an altered MORB signature (group 1) and partly an
intra-oceanic arc origin (group 2–3 samples, Fig. 12). They were
accreted and subducted, but not buried deep enough (b12 kbar) to
reveal typical subduction depleted anomalies of Ba, K and Rb (Becker
et al., 2000). The geometry of the metabasite belt in the Chugach
terrane, the timing of its accretion and its geochemical composition is
probably the consequence of the accretion of an intra-oceanic island
Fig. 13. Different cross-sections from a subduction zone. a) Sandbox experiment of
seamount subduction after Dominguez et al. (2000) and b) present geophysical cross-
section of southern Alaska after Fuis et al. (2008).
296 E. Bruand et al. / Lithos 127 (2011) 282–297arc, whereas the ophiolites present in the younger Prince William
terrane further outboard could have formed at an oceanic spreading
ridge.
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